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FOREWORD 

The work described i n   t h i s   r e p o r t  was completed f o r   t h e  Langley  Reaearch 
Center,  National  Aeronautics  and  Space  Administration,  under  the terms and 
spec i f ica t ions  of  t he i r   con t r ac t  NAS 1-8172 issued  June 4, 1968 a t  Hampton, 
Virginia.  

The work was performed in   the   Spec ia l   Pro jec ts   g roup  headed  by Dr. G. A. 
Etemad, wi th in   the   F l igh t  Technology  Section, Dr. C. R. Faulders, MBnager, of 
t h e  North American Rockwell  Corporation's Space Mvision.  

Mr. W. L. Grantham was t h e  NASA Technical  Monitor  responsible  for  this 
study. 
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ABSTRACT 

Theore t ica l   f low  f ie lds   for   seven   f l igh t   condi t ions   for   the  RAM-C blunted 
cone configuration are presented. Both viscous  and-inviscid  f law  regions are 
considered i n  an analysis leading   to   p red ic t ions  of nonequilibrium  chemical 
e f f ec t s   w i th in   t he   en t i r e   f l ow  f i e ld .   Spec ia l  emphasis i s  placed on the  pre-  
sence  of free electron  concentrat ions which are responsible   for  t h e  phenomena 
of radio  a t tenuat ion.  The f l i gh t   i nves t iga t ion   o f   t hese   e f f ec t s  i s  t h e  pur- 
pose of t h e  RAM Project.  Nonecpilibrium  flow i s  predicted by using a one- 
dimensional analysis along streamlines both i n   t h e  boundary layer region and 
i n  the  inviscid  f low  region. For  two of the   f l igh t   condi t ions ,   ca lcu la t ions  
were  performed to   eva lua te   t he   i n f luence  of a larger   nose  radius  on the  f low 
f ie ld .   This  change i n  geometry  occurs when the  beryllium  nosecap i s  ejected.  
Very small plo t tab le   d i f fe rences  were  found on outer   s t reamlines   for   the 
lower  speed f l i gh t   cond i t ion  when comparisons  were made on similarly located 
normals. 
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THEORETICAL FLOW FIELD CALCULATIONS 

FOR PROJECT RAM 

By H. Webb, Jr., H. Dresser, K. Korkan, and R. RaparelU 

SUMMARY 

The r e s u l t s  of a theo re t i ca l   p red ic t ion  of equilibrium and chemical non- 
equilibrium flow f i e lds   fo r   s even   f l i gh t   cond i t ions ' and  two nose r a d i i  of t he  
R A " C  vehicle  are presented. The R A " C  configuration is  a hemispherically 
blunted, 9" semi-apex  angle  cone a t  zero  angle or  a t tack .  The surface was as- 
sumed t o  be  nonablating and a t  a constant w a l l  temperature of 7 0 0 0 ~ .  A set of 
computer  programs was used t o  per form  the   ana lys i s   s ta r t ing   wi th  a predict ion 
of t h e  wall pressure  distribution.  Following  an  analysis of the  equi l ibr ium 
laminar  boundary  layer and t h e   d e f i n i t i o n  of   an  effect ive body shape,  the 
equilibrium  inviscid  f low was computed by a so lu t ion  of the   b lunt  body problem 
and a predict ion  of   the  supersonic   f low  f ie ld  by t h e  method of cha rac t e r i s t i c s .  
Boundary layer   displacement   thickness   effects  were  accounted f o r   i n   t h i s   c a l -  
culat ion.  The assumption was made tha t   the   s t reaml ine   pa t te rn ,   p ressure  d i s -  
t r i bu t ion ,  and shock  shape  were  unaltered  by  chemical  nonequilibrium  effects 
and that  the  nonequilibrium  composition  could  be computed  by a simple one- 
dimensional  analysis  along  streamlines  by  matching  suitably  chosen  parameters.  
These streamlines  were  defined  in  the  boundary  layer  using  the  principle of 
mass flow  conservation,  while  the  matching  parameters  were  defined by a pro- 
p e r t i e s  merger  between inv i sc id  and  boundary  layer  values.  Vorticity  interac- 
t i o n   e f f e c t s  were thus  accounted  for  by  defining a  smooth va r i a t ion  of  proper- 
t i e s   ac ross   t he   shock   l aye r .   F ina l   r e su l t s   p re sen ted   i n   t h i s   r epor t  show t h e  
var ia t ion  across   the  shock  layer ,  on normals t o  t h e  body,  of species  composi- 
t ion,   pressure,   temperature,  and  flow  velocity.  Both  equilibrium and non- 
equi l ibr ium  data   are   presented.  

INTRODUCTION 

The NASA Langley  Research  Center  has f o r  several  years  been  conducting a 
s e r i e s  of f l igh t   exper iments   re fe r red   to  as Project  RAM (Radio  Attenuation 
Measurements). The purpose  of  these tests is  t o   s t u d y   t h e   i n t e r a c t i o n s  which 
take  place between  electromagnetic  signals and the  ionized  f low f ie ld  over 
entry  vehicles ,  and t o  develop methods of a l lev ia t ing   or   e l imina t ing   the  so- 
called  "blackout" o r  a t t enua t ion   o f   r ad io   s igna l s .   Seve ra l   f l i gh t   t e s t s  al- 
ready  have  been  conducted i n   t h i s   s e r i e s ,  and the   cur ren t   e f for t   involves   the  
RAM-C vehicle  which i s  designed t o   e n t e r   t h e   e a r t h ' s  atmosphere a t  a speed  of 
approximately 25,000 f t / sec .  O f  great   importance  to   the  overal l   project  i s  
the  s ta te-of- the-ar t   that  exists regarding a knowledge  of the  processes  of for- 
mation  of the  ionized  f low  f ie ld .   This  knowledge i s  t e s t ed  by  comparison  of 
predicted and  measured  plasms proper t ies .  North American Rockwell's  Space 
Divis ion  has   previously  par t ic ipated  in   conduct ing  theoret ical   predict ions of 
RAM flow  fields,   References 1, 2 and 3,  and i s  now par t ic ipa t ing   wi th   the  



NASA/Langley Research  Center i n  a similar t a s k   f o r   t h e  R A M 4  program.'  Both 
equilibrium and nonequi l lbr im  pred ic t ions  are presented as an aid t o   t h e  
understanding  of   f l ight  measurements  and t o  show the  importance  of  nonequilib- 
rim chemical   effects .   Essent ia l ly ,   the  same technical  approach was proposed 
fo r   t he   cu r ren t   s tudy  as was used on t h e  two previously  completed  contracts. 
The f l ight   condi t ions  to   be  considered  cover  a large  range of  both a l t i t u d e  
and velocity.  This analysis assumes that  nonequilibrium  chemical  effects  do 
not   a l te r   the   shock   shape ,   s t reaml ine   pa t te rn ,  or pressure   d i s t r ibu t ion ,  -and 
that nonequilibrium  effects on f law  propert ies  and composition may be computed 
throughout  the  viscous and inviscid  f low by a simple  onedimensional  "stre- 
tube   ana lys i s"  which neg lec t s   d i f fus ion   e f f ec t s ,  

SYMBOLS 

a 

A 

cP 

D 

J 

Kb 

m 

M 

n 

speed of sound 

streamtube  area 

spec i f i c   hea t  a t  constant   pressure 

nose  diameter 

grav i ta t iona l   cons tan t  

s t a t i c   en tha lpy  

to t a l   en tha lpy  

dimensional  f low  indicator - two4imensional - axisymmetric 

mechanical  equivalent of heat 

backward chemical   ra te   constant  

chemical  equilibrium  constant 

forward  chemical rate constant 

mass flaw 

Mach number 

i n t r i n s i c  normal  coordinate;  chemical  specie mole-to-mass r a t i o ;  
d i s tance  outward along body normal 

t o t a l  number of  chemical  species 

t o t a l  number of chemical  reactions 
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P 

r 

R 

RC 

RS 

Re 

9 

S 

t 

pressure 

r a d i a l  body coordinate 

universal   gas   constant  

radius  of  curvature 

shock  radius 

Reynolds number 

s t reaml ine   in t r ins ic   coord ina te ,   d i s tance   a long  body surface 
from stagnat ion  point  

entropy 

time 

T 

U 

W 

X 

X 
- 

Z 

ff 

B 
Y 

r e  

b 

6" 

A n  

A u  

0 

P 

temperature 

t o t a l   v e l o c i t y  

chemical  specie  molecular  weight 

chemical mole f r ac t ion ,  axial coordinate 

axial d is tance  downstream  from stagnat ion  point  

compress ib i l i ty   fac tor ,   a l t i tude  

forward  stoichiometric  coefficient 

backward s toichiometr ic   coeff ic ient  

spec i f ic   hea t - ra t io  

e f f ec t ive   spec i f i c   hea t   r a t io  

boundary layer   thickness  

boundary layer  displacement  thickness 

streamtube  width 

ve loc i ty   defec t  %n - \ 
flow  angle; body surface  s lope 

Mach angle 

dens i ty  
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Subscripts  

(0 

e 

0 

i 

i n  

k 

V 

X 

max 

W 

1 

2 

free-stream  conditions 

edge  of  boundary  layer 

s tagnat ion  condi t ions 

subscr ' ipt   denoting  species 

inv isc id  

subscr ipt   denot ing  react ions 

viscous 

measured i n   x - d i r e c t i o n  

m a x i m u m  value 

w a l l  or body conditions 

outboard  streamline  designation 

inboard  streamline  designation 
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DISCUSSION OF METHODS 

General 

The basic   technical   approach,   used  previously  in  References 1, 2 and 3,  
is t o  compute de ta i led   equi l ibr ium  chemis t ry   f low  f ie lds   over   the  RA"C shape, 
followed  by a one-dimensional  computation  of  the  nonequilibrium  chemistry 
along  par t icular   s t reamlines   selected  f rom  the equilibrium solu t ions .  It is 
assumed t h a t   t h e  shock  shape,   s tandoff   dis tance,   pressure  dis t r ibut ions and 
s t r e d n e  l o c a t i o n s   i n   t h e   f l o w   f i e l d  are unaffected by the  nonequilibrium 
chemistry  effects .  

The analysis i s  d iv ided   i n to  a series of i f id iv idua l   ca lcu la t ions  which 
are performed i n  a sequence shown g raph ica l ly   i n   F igu re  1. All ca lcu la t ions  
are performed  by means of IBM computer  programs, with  the  except ion of t h e  
frozen  chemistry  shock  property  calculations,  and t h e   s e l e c t i o n  of  boundary 
layer s t reamlines  and  matching  properties  which a re   r equ i r ed   fo r   t he  non- 
equi l ibr ium  analysis .  The f irst  s tep,   leading t o  the   def in i t ion   o f   an   e f fec-  
t i v e  body  shape fo r   t he   i nv i sc id   f l ow  p red ic t ion ,  i s  t o   e s t i m a t e   t h e  body 
p res su re   d i s t r ibu t ion .  A laminar  boundary  layer  growth  calculation i s  then 
performed  from  which the  displacement   thickness   dis t r ibut ion is  obtained. By 
adding  the  displacement   thickness   to   the  bare  body, an   e f f ec t ive  body shape i s  
found  and an  improved p res su re   d i s t r ibu t ion   p red ic t ion  i s  made. If th i s   p re s -  
s u r e   d i s t r i b u t i o n  is  s i g n i f i c a n t l y   d i f f e r e n t  from t h e   i n i t i a l   e s t i m a t e ,   t h e  
procedure i s  r epea ted   un t i l   a ccep tab le  convergence is  obtained.  Using  the 
e f f ec t ive  body  shape,  the  subsonic-transonic  f low  field i s  computed and a 
l e f t - runn ing   cha rac t e r i s t i c   ( s t a r t   l i ne )  i s  loca ted   i n   t he   t r anson ic   r eg ion .  
The supersonic  inviscid  f low i s  then computed by  the method of   charac te r i s t ics  
us ing   proper t ies  on t h i s  start l i n e   f o r  i n i t i a l  conditions.  A t  t h i s   p o i n t   t h e  
computed p res su re   d i s t r ibu t ion  on t h e  body i s  compared t o   t h a t  used i n   t h e  
boundary layer ca lcu la t ions .  If reasonable  agreement i s  not  found,  the bound- 
ary layer   ana lys i s  and inviscid  f low  calculat ions are repea ted   un t i l   accept -  
ab le  convergence i s  obtained. 

Using mass flow  conservation,  boundary  layer  streamlines are defined and 
the  propert ies   of   temperature  and ve loc i ty  are merged between the  viscous and 
inviscid  solutions.   Equilibrium  species  composition i s  then  determined  by 
use  of a minimization  of  free-energy  calculation. The r e su l t s   o f   t h i s   equ i -  
l ibr ium  calculat ion  are   presented  herein  for   the  four  most forward  normals 
shown in   F igu re  2. 

The nonequilibrium  analysis i s  performed  along a set  of about 10 stream- 
l ines   fo r   each   f l ow  f i e ld .  These s t reamlines  are l o c a t e d   i n   b o t h   t h e  boundary 
layer and inviscid  regions,  and inc lude   t he   spec ia l  case of the   s tagnat ion  
streamline.   Different  versions of the  onedimensional   nonequi l ibr ium computer 
program are used for   each   c lass  of s t reamline.   Pressure i s  used as a match- ' 

ing   parameter   for   the   inv isc id   s t reaml ines   whi le   ve loc i ty  i s  se lec ted  as t h e  
matching  parameter on the   s tagnat ion   s t reaml ine .  Three  parameters,  pressure, 
streamtube area f o r   u n i t  mass flow,  and  velocity, are matched on s t reamlines  
i n   t h e  boundary layer. The matching  parameters of ve loc i ty  and  streamtube 
area i n   t h e  boundary layer are found by merging t h e  boundary layer   p roper t ies  
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of velocity  and  density-velocity  product  into  the  nonequilibrium  inviscid 
value8  at  the  outer  edge. A smooth  variation of all properties  and  species 
concentrations  across  the  shock  layer  is  thus  obtained.  The  details  of  these 
steps will be  described in the  following  discussion. 

The R A " C  vehicle  is a spherically-blunted,  nine-degree,  semi-apex  angle 
cone  at  zero  angle  of  attack.  The  vehicle  geometry,  coordinate  system,  and 
normal locations  are  presented in Figure 2. Flight  conditions  and  free  stream 
properties,  selected  from  the 1962 ARDC Standard  Atmosphere,  Reference 4, are 
presented in Table 1. This  selection  was  'made  following a review  of  the  data 
presented in Reference 5 for  the  altitudes  of  interest  for  the  Fall  months  at 
30°N latitude  which is representative of Bermuda Is. near  the  planned  impact 
point.  The  data  shows  that  the 1962 Standard  Atmosphere is a good represent- 
ation,  to  within 5-10%, of  the  expected  mean  conditions.  In  view  of  the 
expected  daily  fluctuations,  this  is  considered  to  be  sufficiently  accurate. 

Estimated  Body  Pressure  Distributions 

It  was  found  on  the  previous  RAM-B3  flow  field  prediction  study,  Reference 
2, that  the  pressure  distribution  over  the  spherically  blunted  nose  was  ac- 
curately  predicted  by a combination  of  modified  Newtonian  theory  and a Prandtl- 
Meyer  expansion  matched  at  the  point  of  equal  pressure  gradient.  This  method 
was  adopted  for  the  present  investigation.  The  pressure  distribution  down- 
stream of the  nose  was  obtained  by  correlating  the RAM-B3 remlts using  the 
parameters  suggested  by  Cheng's  hypersonic  blunt  body  analysis,  Reference 6. 
This  correlation  is  shown in Figure 3 and  was  used in this  study  with a local 
value  of 8 (body  surface  slope)  determined  by  the  effective  body. 

Boundary  Layer  Analysis 

The  objectives  of  the  boundary  layer  analysis  are  two-fold.  First,  the 
displacement  thickness  distribution  over  the  body i s  required  to  proceed  with 
the  inviscid  analysis.  SecoEdly,  the  property  distributions  across  the  bound- 
ary  layer  are  required  to  define  boundary  layer  streamllnes  and  rnatching  pro- 
perties  for  the nonequillbrim analysis. 

The  combined  integral-similarity  boundary  layer  program,  Reference 7, 
used for  previous  RAM  studies,  was  also utiHzed in this  study.  This  program 
has been  found  to  produce  results  for  the RAM configuration  that  are  in  good 
agreement  with  results  obtained  with a more  exact  finite-difference  program. 
In essence,  the  method  assumes  locally  similar  profiles  with  the  absolute 
thickness  being  determined  by  satisfying  the  momentum  integral  equation.  The 
program  starts  at  the  stagnation  point  and  uses an estimated  body  pressure 
distribution  and  entropy  distribution  at  the  outer  edge  of  the  boundary  layer. 
It determines S, b*, 8, and  the  state  and  thermodynamic  profiles in the  bound- 
ary layer. 

It  was  originally  planned to permit  the edge entropy  to  vary  with  dis- 
tance  along  the  body with the  local  entropy  being  determined  by  the  streamline 
entering the outer  edge  of  the  boundary  layer  at  each  location. A more 
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thorough  assessment  of  this  procedure  has shown that  the  simpler  approach of 
using a constant edge  entropy,  evaluated a t  the   s tagnat ion   po in t  of an  invis- 
cid analysis, permits a more r e l i ab le   p rope r ty  merger t o  be  performed. A 
small effect   of   var iable   edge  entropy on  boundary layer thickness i s  neglected 
by this approach. The continuum  boundary layer analysis is based on c l a s s i c a l  
t h e o r y   i n  wliich t h e  boundary layer i s  assumed t h i n   i n  comparison wi th   the  body 
r a d i i  of curvature i n  both  the  t ransverse and longi tudina l   d i rec t ions .  The 
theory   a l so  assumes ze ro   p rope r ty   g rad ien t s   (vo r t i c i ty )   i n   t he  normal  direc- 
t i o n  a t  the   ou te r  edge.  There currently  exists  an  absence of exact  techniques 
and computer  programs t o  h a n d l e   t h e s e   f a c t o r s   i n   a d d i t i o n   t o   t h e   s t r o n g   r a r e -  
f ac t ion   e f f ec t s   p re sen t   i n   t he   cu r ren t   s tudy   fo r   t he   h ighes t   a l t i t ude   ca ses .  
The vort ic i ty   can  be  best   accounted  for   by a merger  procedure  accounting  for 
t he   vo r t i c i ty   i n t e rac t ions   d i scussed   i n   Re fe rence  8. Thus, us ing   the   ve loc i ty  
p r o f i l e  as an example, t h e   s i t u a t i o n  i s  seen below. 

n t 
Boundary Layer 

Inviscid  Solut 
Merged P ro f i l e  

Boundary Layer 

AU -C ' 
Inviscid  Solut 

- 

I 
- v  

Son 

U 

By using  the same ve loc i ty   defec t  Au = Uin - I+ fo r   t he  boundary layer  
ana lys i s  and t h e  merged p r o f i l e  a t  the  same height,  n , the   ve loc i ty  dis- 
t r i bu t ions  merge toge the r   a t   t he   he igh t  b* , which i s  usual ly  a small 
f r ac t ion  of t h e   t o t a l  boundary layer height b . If the  entropy, and  hence 
local   f low  veloci ty ,  were  evaluated a t  t h e  outer  edge  of t he  boundary  layer 
and t h e  merger was performed  using  this  procedure,  then  the  merger would 
resul t   in   obviously  unacceptable   negat ive  values   of   veloci ty   near   the w a l l .  
It was judged that   the   best   procedure would b e   t o  merge using  the same defec t  
ve loc i ty  a t  heights  having  the same mass flows. Since  resul ts  showed t h a t  
mass flow i s  nea r ly   l i nea r   w i th  n  beyond n/d = .3 t o  .4, the  procedure 
was  approximated  by  merging a t  t h e  same height  rather  than a t  the  same mass 
flow. The e r ro r   i n t roduced   i n   t he   h igh   a l t i t ude   ca ses  from th is   source  i s  
less than   tha t   incur red  by w i n g   c l a s s i c a l  boundary layer theory  rather  than 
solving  the  Navier-Stokes  equations  for  the  entire  shock  layer.  For those 
cases where t h e  boundary l aye r  i s  t r u l y   t h i n  compared t o   t h e  shock  layer  thick- 
ness, t h e  amount of  merging  of t he   p rope r t i e s  i s  so small as t o  make t h e   e r r o r  
negligible . 

The init ial  boundary layer   calculat ion  for   each  case used t he   ba re  body 
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with no allowance  for  displacement  thickness. The displacement  thickness  from 
t h i s  boundary layer   ca lcu la t ion  was then  used t o   d e f i n e   a n   e f f e c t i v e  body  shape 
f o r  which a rev ised   pressure   d i s t r ibu t ion  was predicted from the   co r re l a t ed  
RA"B3 r e s u l t s .  The displacement thickness was found t o  al ter t h e   e f f e c t i v e  
body surface  slopes,and  hence  the body pressure   d i s t r ibu t ion ,   apprec iab ly   on ly  
f o r  Cases 5, 6 ,  and 7. Consequently,  for  these  cases  the  boundary layer com- 
putat ion was redone. The e f f ec t ive  body su r face   s lopes   r e su l t i ng  from t h e  
second  calculation were su f f i c i en t ly   c lose   t o   t hose   o f   t he   p rev ious   ca l cu la t ion  
to   be  acceptably  accurate .  The boundary layer displacement   thickness   dis t r i -  
bu t ions   for  Cases 1-7 are shown i n  Figure 4. 

For Cases 8 and 9, it has been assumed t h a t   t h e  boundary l a y e r   t h i c h e s -  
ses,  nondimensionafized by the  nose  radius ,  are t h e  same as f o r  Cases 2 and 
3, respect ively.  The absolute  boundary layer thicknesses   for  Cases 2 and 3 
are   very  small, i nd ica t ing  no measurable  change i n   e f f e c t i v e  body surface 
s lope compared t o   t h e   b a r e  body. The well-known laminar  boundary  layer seal- 
i n g   r u l e  

shows t h a t  wi th   essent ia l ly   ident ica l   loca l   f low  proper t ies  a t  the   ou ter  edge 
of t h e  boundary layer, the  nondimensionalized  boundary layer thickness a t  t h e  
same X/D w i l l  be 2.7% l e s s  f o r  Cases 8 and 9 than   fo r  Cases 2 and 3 ,  respec- 
t i v e l y .  With t h e  same edge  and wall properties,   the  property  changes  within 
the  boundary  layer  for  Cases 8 and 9 will be  between 0-2.7$ and  can  be assumed 
n e g l i g i b l e   i n  comparison  with  the  possibly  large  effect   of  a s c a l e  change on 
nonequilibrium  chemical rate e f f ec t s .  

In   cont ras t   to   p rev ious  RAM s tudies   the   ac tua l   d i sp lacement   th ickness  
var ia t ion  over   the body was used f o r   t h e   e f f e c t i v e  body shape i n   t h e  method- 
of -charac te r i s t ics   so lu t ion .  For the  subsonic- t ransonic   solut ion  the  effec-  
t i v e   b d y  was approximated  by a spherical   shape which included  allowance  for 
a mean displacement  thickness. 

Blunt Body  Flow Field 

The method used i n  computing the   t ransonic   f low  f ie ld  i s  based on t h e  
concept of mass flow  conservation  (Reference 9). This method i s  r e l a t e d   t o  
o the r   d i r ec t  methods i n  that   the   f ree-s t ream  condi t ions and  body shape  are  
known; and the  f low  f ie ld ,   shock wave shape, and s t reaml ine   loca t ions   a re  
obtained as a so lu t ion .  The three  equations  of  conservation  are  solved as a 
function  of  the  streamtube  cross  section. As a r e su l t ,   t he   s t r eaml ines   a r e  a 
direct   outgrowth of the   so lu t ion .  A high  level  of  accuracy is  r e q u i r e d   i n   t h e  
i n p u t   d a t a ,   a s   i n  most other  methods  of so lv ing   the   t ransonic   f low  f ie ld ,  t o  
avoid   ins tab i l i t i es   in   the   numer ica l   so lu t ion .   Recent  IBM system  changes 
have made it  necessary to modify the  computer  program  used for   the  previous 
RAM studies,  Reference 9, t o  maintain  sat isfactory  accuracy.  The major  change 
i s  that all ca lcu la t ions  are now performed i n  double   precis ion  accuracy  in  a 
program wr i t ten  for t h e  IBM 360. The method requi res ,  i n  addi t ion  to t h e  
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f l i gh t   cond i t ions  and t h e  body shape, a p r e l i d n a r y  estimate of t h e  body pres- 
sure and  shock  shape.  Although t h i s  method normally  requires   i terat ion on 
input   da ta  s o  as t o   s a t i s f y   t h e  Rankine-Hugoniot  shock re la t ionships ,   the  
i n i t i a l   c h o i c e s  of  body p res su re   d i s t r ibu t ion  and  shock  shape  obtained  from 
the  data  correlations  of  Reference 10 were deemed s u f f i c i e n t l y   a c c u r a t e   t h a t  
i t e r a t i v e   c a l c u l a t i o n s  were  not  needed. Sample output   da ta   for  Case 1 are 
presented i n  Figures 5-9. FYgure 5 shows t h e  CRT (cathode ray tube)   p lo t  of 
the  s t reamline  pat tern.   Figure 6 shows an  enlarged  plot   of  data  near  the 
start l i ne   ( l e f t - runn ing   cha rac t e r i s t i c )  where t h e  method-of-characteristics 
so lu t ion  w a s  i n i t i a t e d .  The automatic  output  of  property  variations on t h e  
start l i n e  i s  i l l u s t r a t e d  by the   da t a   p lo t t ed  i n  Figures 7, 8, and 9. 

The solution  near  the  stagnation  point  cannot  be  determined  accurately 
by th i s   f l ow  f i e ld  method, since  the  calculated  pressure  gradient  depends on 
the  s t reamline  curvature  and  becomes unusable  near  the  stagnation  point where 
the  f low  radius of curvature becomes i n f i n i t e l y  small. The method used t o  
obta in   the   s tagnat ion   l ine   f low  proper t ies  i s  d iscussed   in   the   sec t ion  on 
Matching  Parameters. 

-~ Theoret ical  Development. - The equations of conservation, when app l i ed   t o  
the  f low  f ie ld   under   analysis ,   are  used in   the   fo l lowing  forms: 

Continuity  Equation: 

The usual  form  of the  equation  of  continuity 

v=(pi?) = 0 

i s  expressed  along a streamtube  for  the  axisymmetrical  case as, 

Momentum Equation: 

The equation of  momentum 

d; - =  - grad p 1 -  
d t  P 

- 

when applied  normals t o   t he   s t r eaml ine  becomes 

Q =  u21, J 
dn I,J R 

C 1 , J  

9 



9 u, 

1 I 
Reference Axis 

Energy Equation: 

Along a streamline,   the  energy  equation  can  be  writ ten as 

" 
dS - 0 
d t  

and, as a consequence, - 
L 

h + L = H o  
2 

It  can  be  seen that the  three  conservation  equations now have assumed a very 
simple form  under  these  conditions. The Hugoniot re la t ionships  are used  across 
the  shock  to  obtain  the  entropy  for  each newly  computed streamline.  The gen- 
e r a l  procedure  for   the  calculat ion  proceeds  s tep by s t e p ,   s t a r t i n g  from t h e  
body  where geometric and f l u i d  propert ies   ( i .e . ,   pressure and entropy)   are  
known or  estimated t o  a high  degree of accuracy. The d e t a i l s  of the  process  
a r e  as follows: 

a. A t  a l l  poin ts  on the  body  where pressure and entropy are known 
the  hypothesis  of thermodynamic equilibrium  permits  the  remaining 
f lu id   p roper t ies   to   be   def ined   us ing   ava i lab le   equi l ibr ium  ther -  
modynamic proper ty   da ta   for  air and the  energy  equation. The 
term Ap/ A n  stemming from t h e  momentum equation ( 5 )  can  then 
be computed along  the body knowing t h e  body radius  of  curvature 
at  each I grid  point .  

10 



b. 

C. 

d. 

e. 

The continuity  equation i s  used t o  compute t h e  normal  distance 
An t o  each  point on the  next  outboard  streamline. The geo- 

metry  of this streamline i s  defined  from r3 = r4 +An cos OW. 
In t h e  first approximation  of An it i s  assumed t h a t  PI J+I and 
U I  , J+1 on the  new streamline a r e   t h e  same as those on t h e  body 
a t  t h e  I point .  From Fquation (3)  t h e  A n  can  then  be  cal- 
culated; and i t s  introduct ion i n  t h e  momentum equation  gives 
PI,Jl-1 Pressure and  entropy  define a new state; and,  with 
the  assumption  of thermodynamic equilibrium,  the  other  para- 
meters required -- P I , J + ~  and UI,J+~ for   ins tance  -- are 
obtained easily. Next, mean values   of   the   f luid  propert ies  
for  the  streamtube,  based on averaging  the  propert ies  on the  
inboard  and  outboard  streamlines, are used t o   r e f i n e   t h e  first 
approximation  of  An . Fina l   p roper t ies  are then  determined 
on the  outboard  streamline. 

The determination  of  subsequent  streamlines  follows  the pro- 
cedures  outlined  above where proper t ies  on the  inboard  stream- 
l i n e   r e s u l t  from the  integration  across  the  previous  streamtube. 

Once the  s t reamline  pa. t tern i s  establ ished a new shock  shape 
i s  def ined  f rom  the  intersect ions of t h e  computed streamlines 
wi th   t he i r  homologues i n   f r o n t  of t h e  shock. 

The Hugoniot re la t ionships  are used t o  compute the  pressure 
across   the  newly obtained  shock wave and it i s  compared t o  
the  pressure on the  s t reamline a t  the  same ordinate.  If satis- 
factory  agreement i s  obta ined ,   i t e ra t ions  on the  shock  shape 
and  body pressure   d i s t r ibu t ion   a re  not  required. 

Supersonic  Inviscid Flow Field 

The equilibrium  supersonic  inviscid  f low  field  computations were accom- 
plished by means of an IBM 360 computer  program u t i l i z i n g   t h e  well-known 
method of charac te r i s t ics .   This  method en ta i l s   so lv ing  a system  of f i r s t -  
order,  hyperbolic partial d i f f e r e n t i a l  f low  equations  using  the  simplifications 
made possible  by recogni t ion and use of character is t ic   equat ions.  Once t h e  
character is t ic   equat ions are ava i lab le ,   f in i te   d i f fe rence   t echniques   can   be  
applied; and the   f l ow  f i e ld  problem i s  eas i ly   adap ted   t o   so lu t ion  by means  of 
high-speed  computers. 

The bas i c   t heo re t i ca l  development f o r   t h e  method  of cha rac t e r i s t i c s  i s  
found i n  most texts on gasdynamics,  such as Reference 8. After  transforming 
the  three  basic   f low  conservat ion  re la t ionships  (mass, momentum, and energy) 
from an   in t r ins ic   coord ina te   form  in to   o rd inary   d i f fe ren t ia l   equa t ions   a long  
charac te r i s t ic   l ines ,   the   fo l lowing   equat ion  is obtained: 
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The p o s i t i v e   s i g n   a p p l l e s   t o  a l e f t - runn ing   cha rac t e r i s t i c   l i ne  and t h e  nega- 
t i v e  sign t o  a r igh t - running   charac te r i s t ic   l ine .   S ince   the   charac te r i s t ics  
are Mach l ines ,   t he i r   d i r ec t ions   w i th   r e spec t   t o   t he   s t r eaml ine  are given by 
t h e  Mach angle. I n  Equation ( 8 ) ,  t h e  symbol If jff is  used t o   a d a p t   t h e  ex- 
pression  to   e i ther   two-dimensional  (j = 0) o r  &symmetric (j = 1) flow. 
In  add i t ion   t o   t he   cha rac t e r i s t i c   r e l a t ionsh ips   a long  Mach l i n e s ,   t h e r e  i s  
ano the r   cha rac t e r i s t i c   r e l a t ionsh ip   de f ined   a long   t he   s t r eaml ine   i t s e l f .   Th i s  
i s  the  s t reamline  energy  re la t ionship.  Assuming t h e   f l o w   t o   b e   i n v i s c i d  and 
ad iaba t ic ,   th i s   energy   re la t ionship   impl ies  a constant  entropy  along  stream- 
l i nes .  These  flow condi t ions   a l so  make a v a i l a b l e   t h e   r e l a t i o n s h i p  between 
t h e  flaw veloc i ty  and  thermodynamic state of the  gas  given by 

H , = h + -  U2 
2 

The cha rac t e r i s t i c s  computer  program, descr ibed  in   Reference 11, i s  de- 
signed to   so lve   the   supersonic   f low  f ie ld   over  convex, twodimensional   or  
axisyrmnetric body shapes i n  a real   gas ,   chemical   equi l ibr ium a i r  media.  Since 
the  speed of  sound i s  needed t o  compute Mach number, it i s  convenient t o   i n t r o -  
duce   the   e f fec t ive   spec i f ic   hea t - ra t io   da ta   in to   the  program.  These d a t a  are 
en tered   in   t abula ted  form as functions of temperature  and  pressure. 

S t a r t i ng   l i ne   p rope r t i e s ,  as s t a t ed   ea r l i e r ,   a r e   ob ta ined  from a d i r e c t  
method t ransonic   solut ion.   Typical   d is t r ibut ions of proper t ies   a long   the  
s t a r t i n g   l i n e   a r e  shown i n  Figures 7-9. The body shape  downstream  of t h e  
sonic  point i s  a l t e r e d   t o   i n c l u d e  boundary layer  displacement  thickness.  This 
a l t e r a t i o n  t o  the   bas ic  body shape  def ines   the body coordinates  supplied as 
i n p u t   t o   t h e   c h a r a c t e r i s t i c  program. The streamline  pattern  determined by t h e  
t ransonic   solut ion i s  continued  downstream  by t h e   c h a r a c t e r i s t i c s  program. I n  
addi t ion   to   supply ing   the   s t reaml ine   pa t te rn ,   the   charac te r i s t ic  program d e l  
termines  the  shock  shape and the  f low  propert ies   throughout   the  f low  f ie ld .  
The method-of-characterist ics  solution  produces  complete  f low  field  details  
downstream  of t h e   s t a r t i n g   l i n e ,   b o t h  on a character is t ic   network and along 
streamlines.  As a t y p i c a l  example, the   charac te r i s t ic   ne twork   for  Case 1, ob- 
ta ined from t h i s  program, i s  shown i n  Figure 10. Only left-running  character-  
i s t i c s   a r e  shown, and it  should  be  noted that the   cu tof f  a t  r X  1.67 does  not 
mean that flow  f ie ld   calculat ions  s top  here ,   but   merely  that   the   next  computed 
point on t h a t   c h a r a c t e r i s t i c   l i e s  a f t  of  the   cu tof f  (x = 5) .  

F ina l  Boundary Layer  Analysis 

The use  of  correlated RAM-B3 conica l   sur face   p ressure   d i s t r ibu t ions  has 
resul ted  in   agreement  of f ina l   p ressure   d i s t r ibu t ions   to   wi th in   approximate ly  
10% of  the  boundary  layer  program  input  data, as may be  seen i n   t h e   t y p i c a l  
r e s u l t s  shown  on Figure 11. It was observed t h a t   i n   i t e r a t i n g  on t h e   e f f e c t  
of displacement  thickness on boundary l aye r  growth for   the   h igh   a l t i tude   cases ,  
the  percentage change i n  displacement  thickness i s  about  one-fourth  the  per- 
centage change i n  pressure,   whi le   other   propert ies   in   the  boundary  layer   var ied 
less   than   pressure .  On this  basis,   pressure  deviations  of  about 10% were 
deemed acceptable. The accuracy of t h e   f i n a l   p r o p e r t y  merger, t o  be  discussed 
subsequently,   daes  not  call   for a more accurate  boundary  layer  growth  calcu- 
lation  than  has  been  performed  with  the  above  procedures. 
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Equilibrium  Composition 

To complete  the  equilibrium  flow  analysis,   the  chemical  composition was 
determined a t  a l a r g e  number of  points  along  normals 1, 4, 6, and 7 f o r  a l l  
c a s e s   a f t e r  a merger was performed on ve loc i ty  and  temperature  along  these 
normals. The de fec t   p r inc ip l e   exp la ined   i n   t he  Boundary Layer Analysis  sec- 
t i o n  was used i n  performing  the  merger. . The inv i sc id   p re s su re   d i s t r ibu t ions  
are smoothly  varying  functions and were used  without  change. The need f o r  a 
merger of the  equilibrium  boundary layer and equi l ibr ium  inviscid  values   of  
u and T i s  brought   about   by  the  vort ic i ty   exis t ing  in   the  inviscid  f low 
and t h e   r e s u l t i n g   d i f f e r e n c e   i n   p r o p e r t i e s  and t h e i r   d e r i v a t i v e s  a t  t h e  edge 
of t h e  boundary  layer. After def in ing  smooth var ia t ions  of  p and T across  
the  shock layer, determination  of  equilibrium  chemical  composition was pos- 
s i b l e .  The computation was performed  with  the  aid of a Rocketdyne Division 
free-energy  minimization program. This  program  uses  the method of s t eepes t  
d e s c e n t   t o  minimize the  mixture   f ree-energy  to   thus  determine  the mole- 
f r ac t ions  of a l l  the  high  temperature a i r  species  considered i n   t h i s   s t u d y .  

Streamline  Defini t ion 

It was assumed, as in   p rev ious  R A M  s tud ie s ,   t ha t   t he  shock  location and 
shape,   s t reamline  paths ,  and pressure  dis t r ibut ion  are   independent  of chemi- 
cal   nonequilibrium  effects.   This  assumption is  widely  used i n   t h e   a n a l y s i s  
of nonequilibrium  flows  and  has  been  substantiated  in many publications,   such 
as Reference 12. It i s  obvious  that   the  accuracy of  these  assumptions must be 
degraded as the  nonequilibrium s ta te  closely  approaches  frozen  flow. To 
f i rs t  order   for  example, the  constant   densi ty   shock  s tandoff   dis tance  for  a 
sphere  var ies   inversely  with  the  densi ty   ra t io   across   the  normal   shock.   This  
r a t i o   v a r i e s  by a factor  of  about  three  between  equilibrium and frozen f low 
fo r  Case 7. Thus the  accuracy of the  basic  assumption  of  nonequilibriun  in- 
dependence i s  poores t   near   the   s tagnat ion   reg ion   for   the   h ighes t   a l t i tude  
case.   Conversely,   the  increase  in  shock  standoff  distance a t  h igh   a l t i tude  i s  
somewhat self-compensat ing  s ince  the  increased  res idence  t i re   permits   react ions 
t o  proceed  further.  An add i t iona l  problem a t  these   h igh   a l t i t udes  i s  the  very 
thick  viscous  layer  which may inva l ida t e  a boundary layer  type  approach. What 
i s  required  but   not   present ly   avai lable ,  i s  a fully-coupled  viscous  nonequil- 
ibrium  flow  field program. The work of McKenzie, Reference 13, o f f e r s  a rapid 
and  simple means of   scal ing  an  equi l ibr ium  f low  f ie ld   for   nonequi l ibr ium ef- 
f e c t s  i f  t h e  change i n  shock  standoff  distance i s  hown.  Future   e f for t s  on 
t h i s  problem may r e s u l t   i n   t h e  development  of some p r a c t i c a l   s o l u t i o n s  of an 
approximate  nature. 

The problem a t  t h i s   p o i n t   t h e n  i s  reduced to   t he   l oca t ion   o f   s t r eaml ines  
in   t he   equ i l ib r ium  f low f ie ld .  By using  the  concept   of   an  effect ive body it 
has  been  possible t o  develop a good predic t ion   of   the   inv isc id   f low  f ie ld  
which i s  f a r t h e r  from t h e  wall than   t he  boundary l a y e r   t h i c h e s s  d , 
(u/ue = .99). A t  normal  distances less than 6 , the   inv isc id   s t reaml ines  
must be  displaced toward t h e  wall t o   r e p r e s e n t  a real  viscous  f low  over  the 
bare body. The inv i sc id  w a l l  s t reamline on t h e  effect ive body surface will 
be  thus moved t o   t h e  bare body su r face   i n   t h i s   ad jus tmen t .  Other  Streamlines 
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u l t h i n  the  height  d will be moved proportionately  less  depending on t h e i r  
proximity t o   t h e   o u t e r  edge of the  boundary layer .   Certain  selected stream- 
l ines   w i th in   t he  boundary layer  were located  accurately a t  a l l  numbered 
normals (1-12) for  subsequent  analysis of nonequi l lbr im  chemical   effects  
w i th in   t he  boundary  layer. The streamlines  were  located by mass flow conser- 
vation  requirements  as  follows. The boundary l aye r  program gives ,   as  part of 
i t s  output,  the  parameter 

0 

For axisymmetric  flow  the mass flow is given by 

0 

The value  of r i n  t h i s  i n t e g r a l  was t r ea t ed  as a cons tan t   s ince   for  Cases 
1-3 t h e   e n t i r e  boundary  layer i s  very t h i n ,  For Cases 4-7 the  boundary layer  
i s  t h i c k  enough that a  merger of t he  mass flow var i a t ion  between the  boundary 
layer  and inv i sc id  flow must be  performed t o  develop  a  unique  set of stream- 
l i n e s .  

For Cases 1-3 t h e  boundary  layer i s  so t h i n   t h a t   s e v e r a l  new boundary 
l a y e r   s t r e d n e s  must be  located. However, f o r   t h e s e  same cases, a l l   i n v i s -  
cid  streamlines  defined by the:  method-of-characteristics  computer  program l i e  
outs ide of t he  boundary l aye r  and  need  no adjustment i n   t h e i r  geometry. With 
r considered  constant,   the  following  plots  were  prepared  for  these  cases  with 
the  term 

n 

0 

obtained d i r e c t l y  from the   p r in tou t s  of t he  boundary  layer program. 
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0 

'&pica1 Normals 

Computed from 
Boundary  Layer 

b n  b n 

The new streamlines   are   def ined by constant  values of mass flow, and t h e  nor- 
mal dis tances   to   these   s t reaml ines  a t  a l l  numbered normals are used t o   d e f i n e  
t h e i r  geometry. 

For Cases 4-7 the  boundary  layer mass f low,   def ined  in   the above manner, 
was merged i n t o   t h e   v a r i a t i o n  of mass flow i n  t h e  inviscid  solut ion.  This 
was e a s i l y  done  even f o r  Cases 5, 6, and 7 where t h e  boundary layer   thickness  
was p r e d i c t e d   t o  be as great  or  greater  than  the  shock  layer  thickness,   since 
it was  always  observed that   the   product  p u  essent ia l ly   reached  the bound- 
a ry   l aye r  edge  value a t  a he ight   n /dz  .4 t o  .5. The following sketch shows 
the  form  of a t y p i c a l  merger p lo t .  

Typical Normal 

m 

s 85 
s m  
s 75 
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Matching  Parameters 

In the  analysis  of  inviscid  nonequilibrium  flow  fields  it  is  necessary 
to  use  a  flow  field  property  obtained  from an equilibrium  flow  field  solution. 
This property  is  commonly  referred  to  as  a  "matching  parameter"  and  is  selec- 
ted  on  the  basis  of  its  relative  invariance  with  the  introduction  of  nonequi- 
librium  effects.  References 14 and 15 substantiate  the  use  of  pressure  as a 
matching  parameter  for  most  inviscid,  nonequilibrium  one-dimensional  stream- 
tube  studies.  However,  velocity  was  foivld  to  be  a  more  suitable  parameter  on 
the  stagnation  streamline  because  of  its  more  accurately known variation 
across  the  shock  layer.  In  performing  the  analysis  of  the  viscous  flow  field, 
streamtube  area  and  velocity in addition  to  the  pressure  were  matched  to  their 
equilibrium  flow  field  counterparts,  leaving  only  the  chemistry  to  be  inte- 
grated in the  analysis.  Throughout  the  nonequilibrium  analysis,  streamline 
geometry  and  shock  location  were  assumed  to  remain  identical  to  the  equilib- 
rium  flow  field  results. 

The  inviscid,  equilibrium  pressure  matching  parameter  distribution  was 
obtained  with  the  streamline-curvature  method  patterned  after  Gravalos 
(Reference 9) in  the  transonic  region of flow  and  with  the  method of charac- 
teristics in the  region  of  supersonic  flaw.  Since  the  Gravalos  method  is  not 
applicable  in  the  stagnation  region,  engineering  estimates  of the property 
variations  based  on  the  results  presented in Reference 10 were  used  to  arrive 
at  matching  parameter  distributions  in  this  region  and  along  the  stagnation 
streamline.  Data  presented in Reference 10 indicates  that  the  velocity  dis- 
tribution  along  the  stagnation  streamline  can  be  accurately  approximated by 
a  linear  distribution  with  negligible  error in  the  computed  pressure  distri- 
bution.  Frozen  oblique  shock  calculations  were  used  to  obtain  initial  con- 
ditions  on  streamlines  downstream  of  the  shock  and  the  frozen  pressure  value 
was  merged  into  the  equilibrium  pressure  matching  distribution  over  a  short 
region  behind  the  shock.  The  frozen  shock  properties  were  based  on imediate 
equilibration of the  translational,  rotational,  vibrational,  and  electronic 
energy  modes  behind  the  shock  and  a  frozen  chemical  composition  equal  to  that 
in the  free-stream. 

In  the  inviscid  flow  region  only  one  matching  parameter  distribution  is 
required  in  the  nonequilibrium  analysis.  It is appropriate  to  discuss  at 
this  point  the  matching  parameters  used in  the  nonequilibrium  boundary  layer 
analysis,  Pressures  are  again  obtained  directly  from  the  inviscid  flow  field 
results.  The  one-dimensional  energy  and  momentum  equations  used  in  the 
pressure-matching  version  (inviscid  version)  of  the  nonequilibrium  reacting 
gas  computer  program  are  valid  only  in  inviscid  flow,  since  viscous  stresses 
and  heat  conduction  invalidate  such  an  approach  in  the  boundary  layer.  This 
requires  replacing  the  energy  and  momentum  equations  by known distributions 
of  two  additional  matching  parameters  (velocity  and  streamtube  area).  The 
boundary  layer  nonequilibrium  analysis  thus  is  reduced  to  the  calculation  of 
chemical  reactions  along  streamlines,  while  satisfying  continuity  and  the 
equation  of  state. 

The  velocity  and  streamtube  area  matching  parameter  distributions  were 
obtained  from  streamline  crossplots  of  merged  inviscid  nonequilibrium  data, 
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when ava i l ab le ,  and equilibrium  boundary layer d a t a  as specified  along  normals. 
One further  requirement  in  the  merging  of  properties  along  normals was t h e   u s e  
of f rozen  propert ies  at, the  shock.  In Cases 5, 6, and 7 where  no  inviscid 
n o n e q u i l i b r i m   r e s u l t s  were obtained  because  of  the  extreme  boundary layer 
thickness,   equilibrium  boundary  layer  properties were merged d i r e c t l y   i n t o   t h e  
frozen  shock  properties  using  the lawer a l t i t u d e   c a s e s  as a guide t o   t h e  pro- 
f i l e s .  The merging of data  along  normals  where  nonequilibr,ium  inviscid re- 
s u l t s  were ava i l ab le  w a s  performed  primarily by means of t h e   d e f e c t   p r i n c i p l e  
previously  discussed i n  t h e  Boundary Tayer sec t ion   o f   t h i s   r epor t .  Where t h e  
de fec t   p r inc ip l e  was not   completely  appl icable ,   judicious  fa i r ing  using 
engineering  judgement was  employed t o  merge the   da t a .  The merger was  employed 
for u and p u ,   t h e  l a t t e r  quant i ty   def ining  s t reamtube area accord ing   to  
t h e   u n i t  mass f low  re la t ionship  

This merger  procedure i s  consis tent   with  the  equi l ibr ium  boundary layer analy- 
s is  in   regions  of   near   equi l ibr ium  f low,  and provides a reasonable  boundary 
l a y e r   d i s t r i b u t i o n  i n  nonequilibrium or frozen  f low  regions.  k schematic of 
a t y p i c a l  merger p l o t  i s  shown below. 

n 

Typical Normal 

Equilibrium 3hock Location 

Frozen  Chemistry 
Shock Value 

t 
Inviscid  Nonequilibrium 
Resul ts  

Equilibrium 

Layer  Program 
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Typical  matching  parameter  distributions  for  pressure,  velocity,  and 
streamtube  area  are  shown in Figures 12, 13, and l4, respectively,  for  the 
boundary  layer  Streamlines 74, 75, 8 0 ,  85, and a segment  of  Streamline 2 for 
Case 3.  The  remaining  portion  of  Streamline 2, not  shown in  the  figures, 
lies  in  the  invlscid  flow  region. 

Nonequilibrium  Chemistry  Analysis 

The  analysis  of  flow  fields  with  nonequillbrium  chemistry  involves 
coupling  the  chemical  rate  equations  for  the  formation  and  destruction  of 
chemical  species  with  the  fluid dynamic equations  describing  the  flowing  media. 
The  media in this  analysis  is  air,  and  the  fluid  dynamic  relations  are  the 
conservation  equations  for  one-dimensional  flow.  The  coupling  is  achieved 
through  modifications  to  the  energy  and  state  equations,  causing  them  to  re- 
flect  the  contributive  effects  of  each  specie  considered in  the  chemical 
model.  The  details  of  this  method  are  described  in  the  following  paragraphs. 

Basic  Equations. - Nonequilibrium  flows  may  be  described by a set  of 
fluid  flow  relationships,  i.e.,  the  one-dimensional  flow  equations  for mass, 
momentum,  and  energy  conservation;  thermodynamic  relationships in  the  form  of 
the  state  equation  and  definition  of  enthalpy;  and a set  of  chemical  rate 
expressions.  Basing  the  analysis  on  inviscid,  one-dimensional  flow  along 
streamlines,  the  conservation  equations  assume  the  following  form: 

d p = - p u  
ds  ds 

2 h + u =  
2 HO 

"he  thermodynamic  equations,  represented by the  equation  of  state  and  the 
definition  for  enthalpy,  must  include  the  contributive  effects  of  each  chemi- 
cal  specie.  The  equations  illustrate  this  point. 

N1 

i=1 

N1 

h = "iWihi 
i=1 
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Final ly ,   the   chemical  rate f o r   t h e   i ’ t h   s p e c i e  i s  obtained  from  the follow- 
ing  expression: 

j=1 -1 

The subscr ip t  j a p p l i e s   t o   t h e   p a r t i c u l a r   s p e c i e s   p a r t i c i p a t i n g   i n   t h e  k 
part icular   react ions.   This   equat ion i s  derived  from  basic  kinetic  theory 
(References 16 and 17) and summarizes the   e f fec t ive   in f luence   o f  a p a r t i c u l a r  
specie  in  the  chemical  reactions  comprising  the  chemical model. The forward 
and reverse   reac t ion  ra te  constants ,  Kfk and Kbk , in   the   chemica l   ana lys i s  
a r e   r e l a t e d   t o  one another  through  the  chemical  equilibrium  constant by the  
fol lowing  re la t ionship:  

These are the   bas i c   equa t ions   t o   be   so lved   i n  a nonequilibrium  flow  analysis, 
and it i s  a simple matter t o  combine  them i n t o  a form t h a t  will follow a pre- 
scr ibed  s t reamline  path.  The coupl ing  equat ions  for   the change i n  temperature 
with  dis tance  using  pressure and ve loc i ty  as matching  parameters are presented 
below: 

Pressure Match: N1 

d s  N1 

i=l 

Velocity Match: N1 
- d T  = -(u + T W i h i ‘ d n i )  1= d s  

d s  N1 

‘Pi 
i=1 
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The detailed derivations  of  these  coupling  equations are presented i n  Refer- 

and t h e  momentum equation must  be  solved  for  each  integrated  interval  along 
the  s t reamline  path.  

. ence 18. I n  addition  to  the  coupling  equation  above,  chemical rate equations 

The first s t e p   i n  t h e  nonequilibrium  solution  using  the  pressure match 
version as an example, i s  the  evaluat ion  of   the  chemical  rate for   each  specie .  
This depends  only on known conditions a t  the   beginning   of   the   in tegra t ion  i n -  
t e r v a l .  These rates, along  with  the  local  slope  of  the  matching  parameter 
curve (i.e. dp/ d s ) ,   a r e   s u f f i c i e n t  t o  evaluate  the  couFling  equation  for 
dT/ds. The auan t i ty  du/ds i s  obtained  from  the momentum equation and t h e  
argument  dplds.  These th ree   d i f f e ren t i a l   equa t ions ,   a f t e r   eva lua t ion ,   a r e  
integrated  over   an  interval   of   s t reamline  path  to   give  temperature ,   veloci ty ,  
and the  chemical  composition a t  some  new downstream point .  The value of pres- 
s u r e   a t   t h i s  new point i s  determined from the  matching  parameter  curve. Den- 
s i t y  and streamtube  area  are  obtained from the   equat ion   of   s ta te  and the  mass 
conservation  equation,  respectively.  This  completes  the  calculation  of a new 
downstream point ,  and the  procedure i s  repeated  for  each  of  the  subsequent 
downstream points .  

A spec ia l   vers ion  of the  calculat ion  procedure i s  used t o   s t u d y  nonequi- 
l ibr ium  chemistry  effects   in   the  boundary  layer .  This version  simultaneously 
matches  pressure,  velocity,  and  streamtube  area  along  streamlines.  In  using 
a l l  th ree  of these   p roper t ies  as matching  parameters, it i s  no longer  neces- 
sary t o  integrate  the  coupled  f low  equation and t h e  momentum equation,  but 
only  the  chemical  rate  equations.  The procedure  followed i n   t h e  boundary 
layer vers ion  consis ts  of evaluating  the  chemical rate equations a t  a known 
point and then   i n t eg ra t ing   t o   f i nd   t he   chemis t ry  a t  t h e  new downstream point.  
The pressure,   veloci ty ,  and streamtube  area a t  t h e  new point   are   obtained 
from tabulated  values of the  matching  parameter  distribution.  Density a t  the  
new point is determined  from t h e  mass conservation  equation and  used i n   t h e  
s ta te   equa t ion  t o  determine  temperature. The cycle i s  then  repeated  for  each 
new in t eg ra t ion   i n t e rva l .  

Nonequilibrium  Reacting Gas Program. - The IBM 7090/7094 nonequilibrium 
computer  program i s  d e s c r i b e d   i n   d e t a i l   i n   R e f e r e n c e  18. It requi res  a com- 
p l e t e  knowledge of a l l  o f   t he   f l u id  and  chemical  properties a t  a s t a r t i n g  
point.  This  po in t   genera l ly  i s  chosen  immediately  downstream  of  the  shock, 
assuming  no d i s soc ia t ion  of  the  free-stream a i r  but  complete  relaxation of t he  
t r ans l a t iona l ,   r o t a t iona l ,   v ib ra t iona l ,  and e l ec t ron ic  modes of   exci ta t ion.  
Coordinates of the  s t reamline  path and a description  of  the  matching  parameter 
a long   th i s   pa th  must be  specif ied as program inpu t   i n fo rma t ion ,   i n   add i t ion   t o  
s t a r t i ng   po in t   p rope r t i e s .  The d i f f e ren t i a l   equa t ions   a r e   i n t eg ra t ed  w i t h  a 
fourth-order Runge-Kutta  scheme modified  for a Gill- type  correction  (Referencel9).  

The program has a bu i l t - i n   p rov i s ion   fo r   a l t e r ing   i n t eg ra t ion   s t ep   s i ze .  
S tep   s ize  must be small i n   r e g i o n s  where the  f low is near  equilibrium,  since 
the re  i s  a tendency   for   the   in tegra t ion  of the  chemical  rate  equations t o  
become unstable.  This i s  due t o   t h e  extreme s e n s i t i v i t y   o f   t h e  rates t o  
s l i g h t  changes in   the  local   chemical   composi t ion.   Conversely,   i f   the  program 
is opera t ing   i n  a region  of   the  f low  f ie ld  where t h e   r a t e s   a r e   i n s e n s i t i v e   t o  
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changes i n  chemical  composition  (as i n   t h e   c a s e  of  frozen  chemistry flow), 
i n t e g r a t i o n   s t e p   s i z e  i s  i n c r e a s e d   t o  minimize  program  running time. 

The r e s u l t s  of t h i s  computer  program compare very wel l  w i th   t heo re t i ca l  
results  obtained  by  Vincenti   (References  20 and 21) fo r   nozz le  flow i n  a 
spark-heated f a c i l i t y .  

BASIC DATA 

Thermodynamic and  Transport   Properties 

Refer r ing   to   F igure  1 t o  i d e n t i f y   t h e  computer  programs  and hand calcu- 
la t ions ,   the   fo l lowing  computer  programs u t i l i ze   ana ly t i c   equa t ions   o f  state 
for equi l ibr ium a i r  presented i n  Reference  22, and the   e f f ec t ive   spec i f i c   hea t  
ra t ios   presented  in   Reference  23.  

Oblique Shock Property Program 
Modified Newbonian-Prandtl/Meyer  Program 
Laminar  Boundary Layer Program 
Subsonic-Transonic Flow Program 
Method-of-Characteristics Program 

The Grabau procedure  has  been  programed as a subroutine.  It evaluates   three 
thermodynarric func t ions ,  H$/p', S/R , and Z for   equi l ibr ium a i r  using p 
and p as arguments.  pl  and p' are nondimensionalized  quantit ies  in terms 
of reference  conditions a t  1 atmosphere of pressure and 27'j°K temperature. 
The subroutine i s  des igned   to   cover   the  thermodynamic  regime bounded by t h e  
temperature  range  of 200°K t o  15,00O0K, and the  densi ty   range  of  10-6 t o  102 
relative  atmospheres.  The program w a s  designed to   dupl ica te ,   wi th   an   average  
error   of  1 percent o r  less, the   da ta  of Reference 24. The spec i f i c   hea t  ra- 
t i o   d a t a  of Hansen i s  a l s o  programmed as a subrou t ine   i n  a table  lookup  with 
inputs  of pressure and temperature. It i s  ca l l ed   fo r   i n   ca l cu la t ions   i nvo lv -  
ing  speed of  sound  and/or Mach number. 

The thermodynamic propert ies   of   enthalpy and spec i f i c   hea t  a t  constant 
pressure  are  determined from s t a t i s t i c a l  mechanics  and resul ts   of   experimental  
spectroscopy,  and are en te red   i n to  a l l  versions of the  nonequilibrium program 
i n   t a b u l a t e d  form as a function  of  temperature. These propert ies   are   obtained 
from the  high  temperature a i r  proper t ies  program described  in  Reference  25.  
The basic  assumptions and method fo r   so lv ing   t he   pa r t i t i on   func t ions  are d is -  
cussed  thoroughly i n  References 1 and  25.  These d a t a  were a l s o  used i n   t h e  
hand calculation  of  properties  behind  the  shock  with a frozen  chemistry. The 
free-enera  minimizat ion program uses thermodynamic d a t a  computed by essen- 
t i a l l y  the  same approach as i n  Reference 25. Detai ls  of t h e  program and  pro- 
cedures are given i n  References  26 and  27. A s  noted i n  Reference 3, compara- 
t i v e   r e s u l t s  of   equi l ibr ium  e lec t ron   dens i t ies   p red ic ted  by the  free-energy 
program wi th   da ta  from Reference  28 showed excellent  agreement. 

The calculations  performed  by  the  laminar  boundary  layer  program are t h e  
only  calculat ions which involve   t ranspor t   p roper t ies .  The ana lys i s  assumes 
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that both Lewis number and Prandtl number are unity. It a l s o  assumes a coef- 
f i c i e n t   o f   v i s c o s i t y  which i s  l i n e a r l y   p r o p o r t i o n a l   t o  temperature and  matched 
to the 'suther land  value a t  t h e  w a l l  (assumed t o  be 700OK throughout this study). 

Chemical Kinet ics  

The chemical model  used i n   t h e   n o n e q u i l l b r i m   r e a c t i n g  gas computer pro- 
gram (Reference 18) i s  depicted  in   Table  2 and consis ts   of   e leven  react ions 
involving  the  following  twelve  chemical  species: 

H2, N, 02, 0, NO, Nd, e', N2+, 02+, @, O+, a d  A 

I n  the  computer  program, the   n i t rogen   d i ssoc ia t ion   reac t ion  i s  l i s t e d  as two 
separate reac t ions ;   s ince  two forms  of  the rate constant  expression are needed, 
depending on t h e   t h i r d  body p a r t i c i p a t i n g   i n   t h e   r e a c t i o n .   C a t a l y t i c   e f f i c i e n -  
c i e s  are presented  in  Table 2 for  Reactions 1 through 3. The specie  argon 
( A )  i s  used as a re ference   po in t   for   ass igning   va lues   o f   ca ta ly t ic   e f f ic iency  
t o  each  of the   spec ies   in   the   chemica l  model. For  example, i n  Reaction 1 of 
Table 2, the   spec ies  A,  N, @, NO, and NO+ a l l  possess   catalyt ic   ef-  
f i c i enc ie s  of  two, etc. Reactions 1 through 3 ac tua l ly   represent  a s e r i e s  of 
reac t ions ,   s ince   the  symbol M can  represent  any  of  the  catalytic  species 
l i s t ed   i n   t he   t ab l e   exc lus ive   o f   e l ec t rons .  The ca t a ly t i c   e f f i c i enc ie s   a l l ow 
t h i s   s e r i e s  of   react ions  to   be grouped i n t o  a s ingle   reac t ion ,   s ince   they  
d i f f e r   on ly  i n  the   sense  that t h e   r a t e   c o n s t a n t s . a r e  simple mult iples  of  one 
another. The bas ic   reac t ion  rate da ta  used i n   t h e  program are  obtained from 
References 29 and 30. 

Equi l ibr ium  cons tan ts   for   the   reac t ions   l i s ted   in   Table  2 are obtained 
from t h e   d i f f e r e n c e   i n   t h e   f r e e   e n e r g i e s  of  products  and  reactants. The 
theoret ical   considerat ions  for   determining  equi l ibr ium  constants   over   the 
desired  temperature   range  are   presented  in   Reference 1. Data for   the   equi l ib-  
rium constants employed in   the   nonequi l ibr ium program also  are  determined from 
t h e  a i r  proper t ies  program  (Reference 25) and are entered  into  the  nonequilib- 
rium program as tabulated  data .  It is d i f f i c u l t   t o   o b t a i n   c l o s e l y  spaced  data 
for  temperatures below 9000°R and s t i l l  employ a l inea r   i n t e rpo la t ion  on 
temperature t o  determine  intermediate  values. This problem i s  solved  by  using 
analytic  expressions  for  the  equilibrium  constants  below 9 0 0 0 O R .  These 
re la t ionships   a re   p resented  i n  Table 3.  

It is necessary t o  use  the  equilibrium  constant  to  determine  the  opposing 
rate   constant ,   s ince  Table  2 only  presents   e i ther   the  forward  or   reverse  rate 
constants. The opposing ra te   cons tan t  i s  obtained  from  the  equilibrium 
relat ionship  presented  in   Equat ion (19). 

Simulified  Chemical Model f o r  Cases._l,2. - To save  unnecessary computa- 
t ion  t ime,   the  basic   chemical  model was modified  for Cases 1 and 2. An 
examination  of  the  data i n  Reference 31 for  the  expected  temperatures and 
d e n s i t i e s  on the   s t agna t ion  streamlines indicated that no p lo t t ab le   i on  mole- 
f rac t ion8  would be  present a t  equi l ibr ium  except   for   the NO+ Ion. Thus, 
Reactions &11were de le t ed   fo r   t hese  two cases. 
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RESULTS 

"he f i n a l  p lo t s   a r e   p re sen ted   i n   F igu res  1 5  through113.  These p lo t s  were 
prepared  from CRT da ta   p resenta t ions   espec ia l ly  programmed f o r   t h i s   e f f o r t .  
TO use this spec ia l   p lo t t i ng   rou t ine  it was  a l so   necessa ry   t o  modify a l l  
computer  programs t o  produce, i n   a d d i t i o n   t o  normal  tabulated  printouts,  
punched cards  with  appropriate  information on geometry  and  flow  properties. 
These  punched cards were used t o  prepare  the merger plots   using a simple  plot- 
t ing   rou t ine .  The punched card  outputs  from  the  nonequilibrium programs  were 
i n p u t   i n t o   t h e   f i n a l   p l o t t i n g   r o u t i n e  t o  produce  the  figures  presented  herein. 
Equi l ibr ium  composi t ions  and  propert ies   were  a lso  t ransferred  to   the  required 
punched card  format  and  used to   p repa re   t he   f i na l   equ i l ib r ium  p lo t s .  Data 
poin ts   a re  shown with a legend. A l l  equilibrium  data  are  presented  together,  
sequenced  by  case number and subsequenced  by  normal number. Equilibrium data 
are  given  only on Normals 1, 4, 6, and 7. Nonequilibrium  data  plots  follow 
the  equi l ibr ium  presentat ion and a r e   i d e n t i c a l l y  sequenced,  except that data  
are   given  for  Normals 1, 4, 6, 7, 9, 11, and 12. 

The f i n a l   r e s u l t s   a r e   d i s p l a y e d   i n  two plots   for   each normal locat ion 
for  each  case. The f irst  p l o t  shows the   va r i a t ion  of  electron  density,  temp- 
erature ,   pressure,   veloci ty ,  and streamline  locations as a function of dis tance 
outward along  the  normal from t h e  body surface.  The second p l o t  shows the  
variation  of  chemical  species  concentration  along  normals. The var ia t ions  of 
e lectron  densi ty ,   pressure,   temperature ,   veloci ty  and chemical  species concen- 
t r a t i o n  have  been drawn as s t ra ight   1 ines .be tween computed points.  Streamline 
locat ions  are   indicated by s h o r t   l i n e s  a t  t h e   t o p  of t h e   f i r s t   p l o t   f o r  each 
normal. The  number of data points  selected  for  the  equilibrium  flow  calcula- 
t i ons  was based on obtaining smooth p rope r ty   va r i a t ions   a img   t he  normals and 
was n o t   r e s t r i c t e d   t o  any s e t  number as i n   t h e   c a s e  of nonequilibrium  flow. 
The nonequi l ibr ium  data   are   avai lable   only a t  streamline-normal  intersections. 
Since  approximtely 10 streamlines were run  for   each  case,   the   f inal   var ia t ions 
are   not  as smooth as in   the   equi l ibr ium  case .  Also, t he   i n t eg ra t ed   e f f ec t  of 
many merger operations on the   t ime  h i s tor ies   a long   s t reaml ines   resu l t s   in  more 
apparent  noise on the  nonequilibrium  normal  plots. 

The neut ra l   spec ies   a re   p lo t ted  as mole fraction  (Xi)  versus normal d i s -  
tance,  and t h e  i ons   a r e   p lo t t ed  as the  log  of   the mole fract ion  versus  normal 
d is tance   s ince   they   a re   p resent  i n  very small but  importan  concentrations. 
In   t he   da t a   p lo t s ,  a l l  ion  concentrat ions  greater   than ,d mole f r a c t i o n   a r e  
considered t o  be  of significance.   This  value was selected as a reasonable 
minimum value  for   data   presentat ion.  

The shock  layer  thickness i s  c lear ly   ind ica ted  on each normal plot  by 
the  limit of the  normal  scale. The data  curves  originate a t  the  body  and con- 
t inue  through  the  viscous and inviscid  regions of the  shock  layer  terminating 
a t  t h e  shock.  For a l l  cases, it i s  assumed t h a t   t h e  w a l l  i s  a t  a temperature 
of 7W°K and t h a t   t h e   l o c a l  w a l l  f low  velocity i s  zero,   consis tent   with  the 
assumptions of c l a s s i c a l  boundary layer  theory.  Under these  condi t ions,   the  
wall is always a t  a condition  of  chemical  equilibrium  (i.e.,  no d issoc ia t ion  
or ionization is present )  and the  chemical  composition  correspords to 
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undissociated  equilibrium air a t  the   l oca l   p re s su re  and  temperature. I n  nor+ 
equilibrium  flow at  t h e  shock,  the a i r  i s  in i t ia l ly  undissociated and a t  a 
temperature  corresponding t o   t h a t  of a mixture  of  gases  of  the same composi- 
t i o n  as free stream. The enthalpy  and  density  levels a t  the  shock are com- 
pa t ib l e   w i th   an   i t e r a t ive   so lu t ion   o f   t he  real gas shock  equations,  including 
v ib ra t iona l  and electronic   exci ta t ion  but   f rozen  chemistry.  The conditions 
a t  t h e  wall and  shock  were  used t o   e s t a b l i s h   t h e  end poin ts   o f   the   da ta   p lo ts .  
Between t h e  body  and  shock, t h e   l o c a l   p r o p e r t i e s  are dependent on t h e   f l u i d  
dynamic conditions,  and for   nonequi l ibr ium  f low  the  t ime  his tory  of   the chemi- 
c a l   r e a c t i o n s  which  occur  along  each  streamline. 

The fol lowing  general   resul t  i s  seen  by  examination  of  the  data. Case 1 
i s  nearly  f rozen  with a low i on iza t ion   l eve l  even in   equi l ibr ium  f low.  Case 
2 is  probably   the   neares t   to   an   equi l ibr ium  case   due   to  t h e  high  veloci ty  a t  
a r a the r  low alt i tude  (high  density).   Although Case 3 reaches a higher  velo- 
c i t y   t h a n  Case 2 ,  t h e   h i g h e r   a l t i t u d e   r e s u l t s   i n   g r e a t e r   d e v i a t i o n  from 
equilibrium  chemistry.  Cases 5, 6, and 7, a l l  a t  approximately  the same 
f l igh t   ve loc i ty ,   exhib i t   p rogress ive ly  more devia t ion  from  equilibrium, and a 
corresponding  approach t o  a frozen  chemistry  throughout  the  f low  field as t h e  
f l i g h t   a l t i t u d e   i n c r e a s e s .  

It i s  necessary t o   d i s c u s s   n e x t   i n  more d e t a i l  some p a r t i c u l a r  problems 
and fea tures  of the   ca lcu la t ions .  

Case 1 Results.  - The equilibrium  chemistry  results  were  obtained  in  the 
usua l  manner. It was found t h a t  on the  four  outermost  inviscid  streamlines,  
no plot table   e lectron  concentrat ions  were computed by the  nonequilibrium 
program. Also, no p lo t t ab le   i on   o r  atom concentrations  were computed. The 
s tagnat ion  s t reamline was computed next   and,   despi te   the  near ly   f rozen  chef is-  
try and simplified  chemical model used f o r   t h i s   c a s e ,  it proved t o   r e q u i r e  
long  computation  time. This d i f f i c u l t y  i s  eas i ly   t r aced   t o   t he   shu f f l e   r eac -  
t i o n  

Because of the  large  mole-fraction of 02, the   net   formation  ra te  of N 
becomes v e r y   s e n s i t i v e   t o  i t s  own concentrat ion.   This   "s t i f fness ,"   referred 
t o  i n  Reference 21, i s  a well-known problem w i t h  nonequilibrium  flow  programs 
us ing   an   expl ic i t   in tegra t ion   procedure .   S ince   th i s   par t icu lar   reac t ion  i s  
vi ta l  as  a l i n k   i n   t h e   p r o c e s s  of electron  production, no fur ther   s impl i f ica-  
t i o n  of the  chemical model was possible .  A computer  run was thus made t h a t  
took  approximately 30 minutes of  machine  time,  and computed flow  properties 
over  about 75% of   the   d i s tance  from t h e  shock t o  t h e  body. The las t  computed 
electron  concentrat ion was s t i l l  only 0.499 x 10 6 par t ic les /cc .  An analys is  
of t h e  computer r e s u l t s  was made by da ta   co r re l a t ion  and hand ca lcu la t ion  of 
production.  and  destruction  rates of the  important   species  N, 0, and e'. 
The chief  reactions  responsible  for  production of these  species  were  identi-  
f i e d  and the  following  conclusions  were  reached. 

1. N concentrat ion  var ied  l inear ly  w i t h  par t ic le   f low  t ime.  
2. 0 concentrat ion  var ied  l inear ly  w i t h  par t ic le   f low  t ime.  
3 .  e' concentration  varied as the  square  of   par t ic le   f low  t ime.  
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Conclusion 1 i s  explained  by a near-equilibrium  concentration  of N between 
the  two fast shu f f l e   r eac t ions  (#4 and #5 i n  Table 2). The l i n e a r   v a r i a t i o n  
of 0 atoms is  mere ly   the   resu l t   o f  0 production  from  forward  Reaction #l. 
Conclusion 3 fo l lows   d i r ec t ly  from t h e   l i n e a r  time dependence  of 0 and N 
concentrat ions  in   the  forward rate of  Reaction #7. Based on t h i s   v a r i a t i o n  
t h e  e' concentrat ion w a s  p red ic t ed   fo r   l oca t ions   nea re r   t he  wall. Despite 
t he   l a rge   i nc rease   i n   pa r t i c l e   f l ow time as t h e  wall  i s  approached, the  e lec-  
t ron   dens i ty  i s  only  predicted  to   reach 1.17 x lo7 par t ic les /cc  a t  the   ou ter  
edge of t h e  boundary layer. A t  t h i s   p o i n t   t h e   f a l l i n g   t e m p e r a t u r e ,   t o  which 
t h e  forward ion iza t ion  ra te  is  most s ens i t i ve ,   e s sen t i a l ly   s tops   p roduc t ion  
of e lec t rons .  Between t h i s   p o i n t  and the  wall, two  compensating e f f e c t s  
modify the  e lectron  concentrat ion.  

1. Flow compression a t  cons tan t   p ressure   due   to   the  w a l l  inf luence 
on temperature. 

2. Recombination  of NO+ + e" N + 0 + 2.8 ev. 

The recombinat ion  ra te  i s  s o  low t h a t  it i s  neg l ig ib l e   un t i l   t he   d i s t ance  
from t h e  wall i s  too  small t o   p l o t .  The p lo t   thus  shows only  the  effect  of 
compression  with  the  f inal   destruct ion  of  f ree  electrons  occurring  too  close 
t o   t h e  w a l l  to   be   apparent .  The neglec ted   d i f fus ion   e f fec ts  would,  of course, 
d r a s t i c a l l y   a l t e r   a n y   s u c h   d i s t r i b u t i o n   w i t h  a dec rease   i n   t he   p red ic t ed  
electron  concentrat ion  near   the w a l l .  

Similar hand calculations  were made along a boundary  layer  streamline 
v e r y   c l o s e   t o   t h e  wall. The s e n s i t i v i t y  of 0 production  to  temperature,  
combined with  the  drop  in   f low  temperature   a long  the  s t reamline  path as t h e  
gas i s  car r ied  away from the   s tagnat ion   reg ion ,  w s shown t o   r e s u l t   i n   i n s u f -  
f i c i e n t   e l e c t r o n s   t o  exceed a concentration  of 10 2 par t i c l e s / cc  on N o r m a l  4 
or  beyond. Accordingly,  on Normals 4 ,  6, 7 ,  9, 11, and I2 f o r  Case 1 t h e  
equi l ibr ium  data  have  been  used in   the   nonequi l ibr ium  p lo ts   s ince  no p lo t t ab le  
atom, ion ,  or electron  concentrations  occur and the re fo re   t he  two sets of da ta  
a r e   i d e n t i c a l .  No d a t a  symbols a r e  shown t o  avoid  confusion  with  streamline 
da ta   po in ts   resu l t ing  from the  nonequilibrium computer  program streamtube 
ana lys i s   r e su l t s .  

Case 2 Resul ts .  - Nonequilibrium  chemistry  calculations  along  the  stag- 
nat ion  s t reamline show a rapid  approach to  equilibrium  composition. The re- 
laxation  distance  behind  the  shock i s  about 0.005 f t .  Since  the  f low a f t  of 
th i s   po in t   a lon .3   the   s tagnat ion   s t reaml ine  w i l l  remain in   equi l ibr ium  because 
of t h e  low f low  veloci ty ,   the   nonequi l ibr ium  solut ion was merged i n t o   t h e  
equi l ibr ium  data .  Note t h a t   t h e  O+ mole-fraction  did  reach a peak  value of 
1.4 x 10-6 which i s  j u s t   b a r e l y   p l o t t a b l e  and subs t an t i a t e s   t he   accep tab i l i t y  
of the  use  of  the  simplified  chemical model f o r  a l l  o the r   s t r eaml ines   i n  
t h i s   c a s e .  

Cases 3 and 4 Results.  - Cases 3 and 4 represent   the  most easi ly   analyzed 
nonequi l ibr ium  f low  s i tuat ions  in   that   the   boundary  layer   has  begun t o   t h i c k e n  
a p p r e c i a b l y   b u t   n o t   t o   t h e   e x t e n t   t h a t  it covers  the  entire  shock layer.. There 
i s  a suff ic ient   port ion  of   the  inviscid  f low  f ie ld   remaining  to  clearly def ine  
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inviscid  nonequilibrium  property  trends  through  the  shock layer. The stream- 
l i n e   p a t t e r n  used i n  the  inviscid  nonequi l ibr ium analysis can  be  readily ob- 
ta ined from an equilibrium  flow analysis and the  approach  of  using 8 c l a s s i c a l  
boundary l aye r  analysis i s  s t i l l  considered  quite  acceptable.  It is  a l s o  
qu i t e  easy t o  use   the   defec t  method of  merging t h e  boundary layer results t o  
the  inviscid  nonequi l ibr ium  resul ts .  It should  be  noted i n   t h e  figures depic- 
t i ng   t he   spec ie   va r i a t ions   a long  normals that the   curves   represent ing   the   ion  
concentrations  have  not  been  extended beyond the  innermost   s t reamllne  for   the 
purpose  of  clarity.  Actually,  these  curves end a t  equilibrium  conditions a t  
the  wall pressure and  temperature. 

Cases 5. 6 ,  and 7 Results. - It i s  s e e n   i n  a l l  p lo t ted  results that t h e  
e lectron  concentrat ion  decreases   very  rapidly a t  t h e  wall, except i n   t h e   c a s e  
of t h e  stagnation  normals  for Cases 6 and 7 an  increase is found with no de- 
tectable   decrease.  It i s  known, however, that t h e  w a l l  conditions must be i n  
equi l ibr ium,   tha t   for   the  assumed cold wall the  e lectron  concentrat ion i s  
wel l  below 10 par t ic les /cc .  The explana t ion   l i es   in   the   ex t remely  low free- 
s t ream  densi ty   for   these  cases .  The chemical  reactions are so  slow t h a t  only 
on streamlines which pass near   the  s tagnat ion  point   region  does  par t ic le   f low 
t ime  permit   s ignif icant   react ions  to   occur .  The s tagnat ion  s t reamline behav- 
i o r  was s t u d i e d   i n  some de ta i l   f o r   t hese   ca ses .  Due t o   t h e   t h i c k  boundary 
layer   predicted  for   these  condi t ions,   the   matching  temperature   dis t r ibut ion 
fa l ls  continuously  toward  the wall w i th   t he   r e su l t  that a t  some point  between 
t h e  shock  and the  wall electron  production will essen t i a l ly   s top .  The s t rong 
dependence  of the  exponential  term  involving  temperature i n  t h e  important re- 
actions  of  the  electron-producing  chains  essentially  eliminates  the  production 
terms. However, t he   po in t  a t  which electron  production  stops i s  very  close 
t o   t h e  wall. These extremely low reac t ion  rates have  kept  the  mole-fractions 
of the   spec ies  NO+ and e' a t  low absolu te   l eve ls  so t h a t  t h e  backward rates 
of  Reaction 7 are very small. Thus even as the  forward  rate  drops exponen- 
t ia l ly ,  the  near  absence of a backward ra te   permi ts   the  e' mole-fractions t o  
continue  increasing. As close as it was p o s s i b l e   t o   i n t e g r a t e   t o   t h e  wall f o r  
Cases 6 and 7, no reduction  could  be computed in   e l ec t ron   concen t r a t ion   i n  
par t ic les /cc .   In  Case 5 (the  chemistry i s  c lose r   t o   be ing   f rozen   fo r  Cases 
6 and 7)  the  integrat ion  accurately  proceeded  to  X = 0.9997. The wall i s  lo- 
cated  exactly a t  X = 1. The electron  concentrat ion a t  t h e  end of accurate  
in t eg ra t ion  is  about 25% below i t s  peak  value  but is not  dropping as f a s t  as 
expected  due to   t he   i nc reas ing   dens i ty  and decreasing  temperature as t h e  w a l l  
i s  approached. The f a c t o r  which prevents   fur ther   accurate   integrat ion i s  a 
freezing a t  low temperatures  of  the  species and an  equal  mole-fraction  of 
free  electrons  (due  to  charge  balance)  due t o  t h e  dec rease   i n   t he   fo rward   r a t e  
of  Reaction #11. This prevents   the   cor rec t   l imi t ing   decrease   o f   e lec t ron  con- 
cent ra t ion  a t  a low temperature and density.  Additional  charge  exchange  re- 
ac t ions  would be needed t o  handle this problem, but  the  nonequilibrium com- 
puter  program present ly  will not  accept a more complex  model. Although these  
conclusions  apply to   the   s tagnat ion   s t reaml ines ,  similar r e s u l t s  on other  
normals are evident   and  the  ident i f icat ion  of  t h e  drop  -off i n   e l e c t r o n  den- 
s i t y  a t  t h e  wall i s  similarly d i f f i c u l t .  The decrease i n  electron  concentra- 
t i o n  on the  innermost  streamllne a t  a l l  downstream normals results from t h e  
decreased  production of e lec t rons  a t  t h e  lower temperature quickly  reached on 
this streamline i n  the   reg ion  of the   s tagnat ion   po in t .   In  summary, it is seen 
that the value of t h e  peak  electron  density is well defined and that it is 
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c e r t a i n   t h a t ,   i n   t h e   a b s e n c e  of d i f fus ion   e f fec ts ,   the   e lec t ron   dens i ty   g ra-  
d i e n t  a t  t h e  w a l l  i s  extremely  high. 

Cases 8 and 9 Results.  - Three  nonequilibrium  streamlines  each  were run 
for   bo th  Cases 8 and 9 t o  determine i f  a p lo t tab le   d i f fe rence  i n  resul ts   could 
be   seen   for   s imi la r ly   loca ted   po in ts ,  compared t o  Cases 2 and 3,  respect ively.  
These streamlines  covered  the  shock  layer from t h e  boundary l a y e r   t o   t h e  shock. 
Differences  of less than 5% i n  a l l  propert ies  were computed f o r  Case 9. For 
this case  then it was cons ide red   j u s t i f i ed   t o  assume that  nonequilibrium  pro- 
p e r t i e s  were t h e  same fo r  Cases 3 and 9 for   po in ts   loca ted   ident ica l ly  by 
coordinates  nondimensionalized t o  nose  radius. The geometry  involved i n  this 
comparison i s  represented on Figure 2, which also  tabulates  the  X-locations 
of the  base  of  normals  for  the two comparable  cases. 

For  Case 8, however, p lo t t ab le   d i f f e rences   i n   p rope r t i e s  were  observed 
for  streamlines  near  the  shock downstream  of the  blunt-nose.   This   resul ts  
from t h e   f a c t   t h a t  Cases 2 and 8 are  in  near-equilibrium  flow. For these 
s t reamlines  t h a t  en t e r   t he  shock  downstream of the  blunt  nose  region,  the  f low 
ve loc i ty  i s  high  behind  the weak oblique  shock. Thus, a f te r   c ross ing   the  
shock on a specif ied  outer   s t reamline,   the   large  property  gradient  which i s  
c h a r a c t e r i s t i c  of near-equilibrium  flow  produces a s ign i f i can t ly   d i f f e ren t  
s e t  of properties  over a path  length change  of 5.4% required  to  reach  the  next 
numbered normal  location. If the  gradient  i s  la rge  enough  a p lo t t ab le   d i f -  
fe rence   resu l t s .  For  Cases 3 and 9, which a re   no t   as   c lose   to   equi l ibr ium  as  
Cases 2 and 8, the  property  gradients   are   not   large enough t o  r e s u l t   i n  a n  
appreciable   difference  in   propert ies   over  a 5.4% change in   pa th   l ength .  The 
reason t h a t  plot table   differences  are   not   calculable  on inner  streamlines f o r  
Case 8 is  t h a t  t hese   s t r eaml ines   o r ig ina t e . a t  a point on the  strong  shock and 
have  such a shor t   re laxa t ion   d i s tance  t o  near  equilibrium  properties t h a t  any 
appreciable   difference would occur i n  a very small region  immediately  behind 
the  shock.  This  difference i s  not  detectable on normal plots  because of t he  
comparatively  large  distance between numbered streamlines.  Over most of t h e i r  
path  length  these  inner   s t reamlines   exhibi t  small property  gradients  where a 
5.4% change i n   d i s t a n c e  has  a negl ig ib le   e f fec t .  The l imit ing  case i s  f u l l y  
equilibrium  flow,  e.g. ,   note  that   the  equilibrium  data shown f o r  Cases 2 and 
8 and f o r  Cases 3 and 9 a re   ident ica l   except   for   the  5.4% i nc rease   i n  normal 
distance.  Again, t h i s  i s  a r e s u l t  of t h e   i d e n t i t y  of  flow  properties on  non- 
dimensionally  located  normals. If Cases 2 and 8 were changed t o  a very low 
a l t i t u d e  ( e . g . ,  sea  level) ,   then  the comparison would very   l ike ly  show l e s s  
change than w a s  seen  here  because  the  flow would be  even c loser   to   equi l ibr ium 
and the  thickness  of the  high  gradient  region  near  the  shock would approach 
the   fu l ly   equi l ibr ium limit of  zero and hence  not  be  detected.  In summary, 
no d i f fe rences  would be  seen i f  the  f low i s  in   e i ther   an  equif ibr ium  or   f rozen 
l imit ing  condi t ion and therefore  a maxFmum difference  occurs due t o   s c a l e  
change  somewhere i n  between. 

CONCLUDING REMARKS 

Flow fields  in  chemical  nonequilibrium  have  been  evaluated  for a set of 
seven  f l ight   condi t ions  for   the RAM-C shape,  and  have  been  plotted  by a CRT 
technique   u t i l i z ing  punch card computer  program outputs. The f l igh t   condi t ions  
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covered  nonequilibrium  and  near-equilibrium  chemistry i n   t h e   r a n g e  between 
a chemistry nearly frozen  due t o  a very  high  alt i tude  (Case 7)  and a chemis- 
try near ly   f rozen   due   to  a low temperature (Case 1). Boundary layer displace-  
ment thickness in t e rac t ion   e f f ec t s  were accounted   for   by   an   i t e ra t ive  computa- 
t i o n   w h i l e   v o r t i c i t y   e f f e c t s  were  taken  into  account  by a merger of viscous 
and inv isc id   p roper t ies .  The following  conclusions were reached  following 
examination  of results: 

1. 

2. 

3.  

1. 

2. 

3. 

4. 

5. 

6. 

Signif icant   e lectron  concentrat ions  for  Case 1 ( > 10 par t i c l e s / cc )  
were  only  predicted t o  occur  near  the  stagnation  point.  

Case  2 exhibits  nearly  equilibrium  electron  concentrations  through- 
out   the   f low  f ie ld .  

6 

Case 3 shows marked difference  in   composi t ion from equilibrium 
values ,   the   effects   being most ev ident   in   the   neut ra l   chemis t ry  
over   the  conical   surface.   Electron  densi ty   normal   prof i les  s t i l l  
appear similar to   t he   equ i l ib r ium  d i s t r ibu t ions .  

Case 4 shows la rge   devia t ions  from the  equilibrium  chemistry 
throughout  the  f low  field.  Peak electron  concentrations  occur 
somewhat away from t h e  wall because  electron  recombinations  in 
the  cooler   regions of the  f low  near   the cold wall s t i l l  a r e  
s ign i f icant ,   E lec t ron   dens i ty   t ends   to   decrease   rap id ly  
toward the  shock  along body normals,  due to   l imi ted   p roduct ion  
of  e lec t rons  on outer  streamlines.  

Cases 5, 6 ,  and 7 show progressively  an  approach  toward  frozen 
chemis t ry   wi th   e lec t ron   product ion   l imi ted   essent ia l ly   to  a 
correspondingly  diminishing  region  near  the  stagnation  point. 
Peak electron  concentrations  occur  very  near  the w a l l  on a l l  
normals. 

The e f f e c t  of a 5.4% increase   in   nose   rad ius   for  Cases 8 and 9 
i s  e s sen t i a l ly   neg l ig ib l e .  The r e su l t s   a r e   a lmos t   t he  same 
along  normals  located i n  terms  of  nose  radius as f o r  Cases 2 and 
3,  respect ively.  
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Table 1.- RAM-C Flight  Conditions 

Cas e 
Cumber 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Velocity 
(ft/sec) 

8,020 

16,780 

24,750 

25,130 

25,090 

25,090 

25,030 

Ambient 
Pressure 
( lb/f t2 ) 

Ahbient 
Temperature 

(OR 1 

1.5100 x 13 

5.768 x lo1 

2,862 x 10’ 

4.181 x 

1.434 x 

2.658 x 10-3 

7.lU+ x lo-‘ 

389.97 

397.86 

478.77 

351.19 

325.17 

332.74 

373 99 

Ambient 
Density 

(slugs/ft3) 

2.256 x 

8.447 x 

3.484 x 10-6 

6.93 8 x 

2.570 x 

4.653 x 

1.106 x lom9 

SAME AS CASE 2 + 

SAKE AS CASE 3 b 

Nose 
Radius 
(fi) 

0.500 

11 

II 

I t  

I1 

11 

I t  

0.527 
11 

Wall 
Temperature 

(OK) 

700 
I1 

11 

11 

I 1  

11 

11 

I 1  



Table 2.- Chemical Reactions and Rate  Constants 

l i !  ,- 
Reaction I Catalyrt, M 

-~ 
I 

1 ' 0 t M t  5.1 e v + O t O t  M 2 A ,  N ,  N+, NO, NO+ 

(DK = 211,644) N2,  N i  

02' 02' 

I 0, o+ 

I (DK = 406,690) 

W 
W 

N Z  t M t 9.8ev$N t N t M I N ,  Nt 
(DK 406.690) 

N O t M t 6 . 5 e v ~ N t O t M   A ,  02, a;, N ~ ,  N; 

(DK = 269,744)  NO, NO+. 0, o t ,   N ,  N' 

N t 0 t 3.3 ev$NO t N 2 

NO t 0 t 1.4 ev=02  t N 

N2 t O2 1.9 e v E N O  t NO 

N t 0 f 2.8 e v S N O t  t e-  

8 

9 0 t 0 t 6.9 e v G O 2  t e 
t -  

10 I O2 t 0 t 1.6 C V ~ O ~  t 0 t t I 
~ 

11 N t N  t -  t 1 . 0 e v S N t N i  

Rate Conrtant Exprcmriorr 

Kfl 

Kfl 

Kfl 

Kfl 

Kf2a 
= 2.47 Kf 

Kf2a W A )  

= 2.98  x l o 9  T112 (JDK/RT)3/2  EXP(-JDK/RT) 

2 Kf 
= 9 

1 (A)  
= 25 Kf 

2.207  x  1010 T I I Z ~ J D ~ I R T )   E X P ( - J D ~ / R T )  

l ( A )  

K = 3.82  x  1010 ~ 1 1 2  (JD,/RT+ EXP( - JD~/RT)  
f2b 

Kf3 

Kf3 = 2o Kf 3(A 1 

Kf4 

Kf5 

= 8.35  x  108  T112  (JDK/RT)'  EXP(-JDK/RT) 

= 1.120 x 10" EXP  (-Jx1.359  x  105/RT) 

= 2.842 X 107 T EXP (-J x 7. 038 x 1 0 4 / ~ ~ )  

K = 6.32 x l o z 3  T-'" EXP (-.I x 2.31 X 105/RT) 
f6 

K = 7.63  x IO7 T1l2   EXP (-J X 1.139  x  105/RT) ' 

f7 

%8 = 3.72 x lozo T-3/2 
- 

19 T-3/2 

%9 = 7 * 4 5  x l o  

Kbl  1 

%lo = 9.349 x 109 ~ 1 1 2  

= 9.349 x 1 0 9 ~ 1 1 2  

1. Al l  udits  are  in the English  system. The unitr of DK are  BTUlLbMole and the unitr of Kf and Kb are  Ft3/LbMole-Sec. 
2. The forward and  backward  rate  constant  expresrions  were  taken  from  Reference# 13 and 2 0  
3. The 'A'  in  parentherem  refers to  Argon. 



Table 3.- Analytic Ekpressions for Equilibrium Constants Kp(j) vs. Temperature 

~~ 

Reaction 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Kp(3 

9.16 x 10 exp  [-AEo/RT] 6 
0 

2 5 /4  

2 1. 1 

1.72 x 10 T  exp 

1.28 x 10 T  exp 

5.42  exp [ -AE0/RT 
0 

[ - AEO 0 / ,RT~ 

[ -AEO/RT) 0 

1 
8 . 2 ~ 1 0  T 

1.71  x lo1 exp  [-AEo/RT] 0 

4.  20 x 10 exp [ -AEo/RT I 
3.00 x 10 

2.56 x 10 

-2 0. 124  exp  [-AEo/RTl 
0 

-11 T7/4 
0 

-10 T5/3  exp [ -AEo/RTl 

-12 T2. 1  exp [ -AEo/RTj 
0 

0 

1 . 1 2 ~  10 T 

8.09 x To* 863 exp I -AEO/RT] 

-1  0.177  exp [ -AEo/RT] 
0 

0 

R = 1.9872 Calories  deg-'  mole -1 

EO, 
Heat of Reaction 

at OOK 

Calor ies   Per  Mole 

117,580.5 

225,939 

149,857.5 

76,081.5 

32,  274. 2 

43,800.7 

64,554 

133,719 

159,079.5 

36,888 

23,053 

Electron  Volts 

5. 1 

9.8 

6.5 

3.3 

1.4 

1.9 

2.8 

5.8 

60 9 

1.6 

1 
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Figure 1.- Flow Field  Analysis  Logic Diagram 
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z = o  
X = 1 (Cases 1-7) 
X = 1.0541 (Cases 8-9) 

1 

4 
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11 

12 

Dimensionless Axial Coordinate of 
Base of Normal from Stagnation 

Cases 8-9 Cases 1-7 Point, X 
Axial Coordinate, i, (ft) 

D D = l  
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Figure 2.- Geometry and Coordinates, RA"C Vehicle 
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Figure 3.- Pressures on Hemispherically Blunted 9" Half-Angle  Cones 
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c1 
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6 
a. Cases 1-1, 

Figure 4,- aoundary Layer Msplacement Thickness Variations 
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x - ft; 
b. Cases 5-7 

Figure 4.- Concluded 
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t R A N 8 O Y I C  P L O Y  P l L L D  8 T R L A Y  L l H L 8  

Figure 5.- Case 1, Blunt Body Flow - Streamline  Pattern 
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T R A M O O * f C  FLOW F I E L D  O T R E A M  L I M E 0  

Figure 6.- Case 1, Blunt Body Flow - S t a r t  Line Geometry 
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figure 7.- Case 1, B l u n t  Body Flaw - Start Line  Pressure 
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FLOW O I R f . C T l O W  ALOWC S T A R T L I N E  

Figure 8.- Case 1, Blunt Body Flow - S t a r t  Line Flow Direction 
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Figure 9.- Case 1, Blunt Body Flow - Start   Line  3ntropy 
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Figure 12.- Pressure  Matching  Parameter  Distribution 
For Case 3 Boundary Layer Streamlines 
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Figure 13. - Velocity Matching  Parameter  Distribution 
For Case 3 Boundary Layer Streamlines 
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Figure l4.- Streamtube Area Matching  Parameter Distribution 
For Case 3 Boundary Layer Streamlines 
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